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SUMMARY 
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Volume  I is  based  on  a series  of  over  300  tests  of  seven  basic  soil  types. 

-^It  provides  an  empirical  understanding  of  the  phenomenon  of  thermal  blow-off. 

Due  to  the  coupling  of  blown  off  dust  to  non-ideal  blast  wave  effects  and  cloud 
loading  in  nuclear  burst  situations  it  is  imperative  that  the  soil  thermal 
response  be  quantified.  ^Unfortunately  the  lack  of  scaling  of  the  theoretical 
parameters  and  the  great  variety  of  $aij  types  worldwide  of  strategic  or  tactical 
interest  have  complicated  the  problem.  'Science  Applications,  Inc.^(SAI)  under 
the  sponsorship  of  the  Defense  Nuclear  Agency  has  conducted  an  experimental 
program  of  soil  blow-off  analysis  utrff^ong  a nearly  exact  thermal  pulse 
simulation  from  a series  of  solar  furnaces.  The  largest  of  these,  a 25  KW  furnace^ 
at  the  U.S.  Army  White  Sands  Missile  Range.'was  used  for  over  300  hours  of  testing 
over  the  past  two-year  period. 

Findings  indicate  that  blow  off  is  of  four  distinct  types: 

^ p ?■  - 5 }>  ' A 

•'  Smoke  is  nearly  always  produced  above  a threshold  of 
7 cal/cm2sec  flux  and  4 to  6 cal/,cm2  fluence^  Its 
initial  rise  velocity  is  between  0.25  and  0.5  m/sec 
and  is  characterized  by  a temperature  rise  of  25  to 
50°K/(cal/cm2). 

• ' Small  particulate  ejection  is  seen  in  soils  containing 

clay,*- Fluence  thresholds  of  5 to  20  cal/cm^  are  common, 
rise  velocities  the  order  of  1-2  m/sec.  If  blow  off  is 
abundant,  volumetric  air  heating  may  be  observed. 

• (_>> Large  particles  or  flakes  are  yielded  from  materials  that 

contain  significant  clay.  . Thresholds  of  20  to  40  cal/cm2 
and  from  20  to  50  cal/cm^ec  are  experienced.  These 
particles  are  abundant  at  the  higher  heating  rates,  and 
have  rise  velocities  up  to  10  m/sec. 

• Steam  is  emitted  from  all  moist  soils."  Above  about  3-5% 
moisture  by  weight,  there  is  a noticeable  effect  in  the  air 
temperature  above  heated  soil.  Several  cal/cm2  are  required 
per  % moisture  to  drive  the  water  off.  Upon  completion,  the 
soil  participates  in  blow  off  as  if  it  were  dry. 

The  results  of  the  SAI  tests  indicate  that  as  a general  rule  all  soils  lose 
between  2 to  6 x 10-4  gm  material  blow  off  per  cal/cm2  of  fluence.  The  optical 
thickness  of  the  soil  varies  over  an  order  of  magnitude  20  to  200p.  This  layer 
is  diathermanously  heated,  and  using  the  accepted  density  and  specific  heats  for 
soils,  one  estimates  that  several  percent  of  the  weight  of  this  layer  is  blown  off 
due  to  irradiation.  This  thermal  erosion  is  more  effective  the  thinner  the  layer 
and  smaller  the  soil  grain  size.  It  was  observed  that  those  soils  of  smaller 
grain  size  did  in  fact  have  the  most  abundant  blow  off.  Pure  clays  will  approach 
100  percent  thermal  erosion,  as  was  verified  dramatically  in  the  tests;  other 
soils  of  larger  grain  size  will  saturate,  and  form  "scars"  of  glassy  material 
over  their  surface. 


1 


It  is  important  to  note  that  the  tests  were  performed  in  two-dimensional 
configuration  by  necessity  and  thus  do  not  simulate  one  important  aspect  of  soil 
response  to  a nuclear  thermal  pulse.  In  a one-dimensional  case  the  smoke  and 
particulate  matter  above  the  soil  obscure  the  incoming  radiation  (possibly 
completely)  and  take  up  that  radiation  in  the  form  of  volumetric  heating. 

Because  of  this  fact  all  parameters  have  been  measured  as  close  to  the  soil 
surface  as  possible  in  order  to  be  characteristic  of  one-dimensional  flow.  The 
reader  should  be  very  cautious  of  extrapolation  of  the  results  in  height  to  the 
one-dimensional  case.  Ground  level  flux  obscurations  were  measured  up  to  50 
percent.  One  may  conclude  by  calculation  that  further  obscuration  would  result 
in  a one-dimensional  geometry. 

The  work  reported  in  Volume  II  represents  an  initial  development  of  a large 
scale  thermochemical  source  of  flash  optical  radiation.  The  initial  criteria  for 
development  included  area  of  coverage  (>lm3),  peak  flux  (>100  cal/cm3/sec)  and 
total  fluence  (>20  cal/cm2)  as  well  as  the  practical  considerations  of  cost,  ease 
of  fielding  and  safety.  Preliminary  theoretical  work  identified  the  thermochemical 
reaction 

2A1  + 2 °2  ~*A12°3  + 7 -4  Kcal/9'71  al  (3900°X) 

as  being  appropriate.  Tests  of  reaction  systems  were  performed  (about  50  in  all) 
eventually  leading  to  the  fielding  of  an  explosively  ignited  device  consisting  of 
primacord  wrapped  with  aluminum  powder,  suspended  on  the  axis  of  a cylindrical 
oxygen  bag.  Test  results  indicated  an  average  optical  fluence  of  about  103  cal/gmal 
(for  an  efficiency  of  about  17%),  a peak  flux  of  over  200  cal/cm3/sec,  fluence  over 
20  cal/cm3  and  coverage  areas  in  excess  of  10  m3.  The  largest  units  tested  had  a 
peak  optical  power  of  1 gigawatt  (109  watts).  Significant  shock  energy  was  also 
measured.  Numerous  fielding  problems  were  encountered  and  solved.  The  devices 
have  been  successfully  fielded  in  adverse  weather  conditions  and  no  misfires  have 
been  encountered.  Parametric  scaling  laws  for  the  thermochemical  reactions  have 
been  determined  from  test  data. 

Volume  III  reports  on  a study  of  flux  redirection  techniques  that  could  be 
used  at  the  1 MWth  French  solar  furnace.  The  unique  capability  of  this  furnace 
to  reach  flux  of  over  200  cal/cm3/sec  motivated  the  investigation  of  the 
practicality  of  soil  blow-off  experimental  techniques  analogous  to  those  utilized 
at  the  25  KWth  White  Sands  Missile  Range  solar  furnace.  The  use  of  a modified 
"ideal  light  collector"  design  allows  turning  of  the  flux  by  90°  and  blow-off 
containment  in  a vertical  tube  above  the  soil  surface.  Experimental  verification 
of  the  design  confirmed  theoretical  analysis  work.  Design  and  construction 
details  were  investigated.  Constraints  and  thermal  environments  for  instrumenta- 
tion are  given. 
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Section  1 


SUMMARY  AND  CONCLUSIONS 

STUDY  DESIGN 

The  initiating  factor  of  the  development  of  a thermal  layer 
by  an  air  burst  nuclear  weapon  over  a non-ideal  ground  surface  is  the 
blow-off  of  soil.  This  report  describes  a study  designed  to  provide 
an  understanding  of  soil  blow-off  phenomenon  caused  by  nuclear  thermal 
radiation.  Its  purpose  is  to  allow  some  predictive  capability  based 
on  an  empirical  understanding  of  the  underlying  physical  and  chemical 
processes  studies.  The  objectives  of  this  task  are  to  provide  a 
compendium  of  the  results  of  soil  irradiation  tests,  summarize  data 
on  basic  soil  types  and  give  an  indication  of  scaling  of  these  data. 

This  work  is  based  on  a series  of  303  tests  on  25  soil  types  at 

2 

heating  rates  of  up  to  80  cal/cm  sec.  Solar  furnace  irradiation  was 
used  in  order  to  accurately  reproduce  nuclear  thermal  radiation  in 
spectrum  and  timing1.  However,  due  to  experimental  necessity  the  tests 
are  inherently  two  dimensional  whereas  the  nuclear  effects  are 
expected  to  be  largely  one  dimensional  in  character.  The  tests 
reported  relate  to  the  initial  soil  blowoff  and  layer  creation  but 
not  to  the  fully  developed  layer.  Thus  in  the  tests  reported  here  such 
properties  as  flow  fields  will  diverge  strongly  when  far  from  the  surface 
source.  For  this  reason  all  appropriate  quantities  are  measured  as 
close  to  the  soil  surface  as  practical.  This  gives  an  approximate 
simulation  of  the  one  dimensional  situation.  Readers  are  cautioned 
in  using  the  results  beyond  the  near  surface  for  application  to  the 
nuclear  (1-D)  problem  without  taking  into  account  the  different  geo- 
metry. An  extrapolation  of  this  data  to  a fully  developed  thermal 

layer  via  hydro  and  thermodynamic  methods  has  been  performed  under 
2 3 

separate  contract  ’ . 

The  study  has  included  a measure  of  the  flux  and  fluence  thres- 
holds for  soil  blow-off  and  their  dependency  on  a number  of  parameters 
such  as  soil  moisture,  irradiation  time,  and  flux  (in  the  case  of 
the  fluence  threshold).  The  study  was  designed  to  measure  tempera- 
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tures  in  the  air  and  under  the  soil  surface  during  blow-off,  amount 
and  velocity  of  blow-off  as  a function  of  irradiation  and  moisture, 
and  numerous  soil  properties. 


The  blow-off  obscuration  of  the  soil  and  attendent  volumetric 
air  heating  were  not  fully  simulated,  but  calculations  taking  into 
account  the  two  dimensionality  of  the  tests  were  made.  A prediction 
based  on  these  data  can  be  made  about  the  effect  the  blow-off  would 
have  in  a one-dimensional  case.  The  experimental  work  was  undertaken 
in  Spring,  1974  by  Science  Applications,  Inc.,  under  contract  DNA001- 
74-C-0229.  A year  later  a two-volume  report,  DNA  3723F-1  and  -2,  was 
issued  covering  157  soil  tests  made  during  the  first  year  of  the 
study'*'.  The  first  year  was  devoted  to  an  initial  qualitative  study 
of  blow-off  and  to  instrumentation  development;  the  second  year 
concentrated  on  careful  parametric  studies  of  certain  soils  of  special 
interest  (e.g.,  NTS)*.  This  present  report  covers  over  300  tests  per- 
formed during  the  two-year  period  and  aims  at  developing  quantitative 
and  predictive  information  on  the  general  area  of  soil  thermal  response. 
Results  of  this  project  have  been  introduced  directly  into  the  SAI 
thermal  layer  model,  a separate  effort  to  understand  theoretically  the 
behavior  of  soils  under  nuclear  thermal  heating  conditions. 

THEORETICAL  BACKGROUND 

Weapon  thermal  radiation  impinging  on  an  ideal  surface  will  be 
reflected  without  surface  heating,  degregation  or  near  surface  air 
heating.  Most  surfaces  are  non-ideal,  and  do  heat  appreciably  causing 
surface  degredation-dust  generation  (popcorning)  and  conductive  near 
surface  heating.  The  thermal  layer  of  the  heated  near  surface  air  is 
further  heated  by  weapon  radiation  attenuation  in  the  dust  material. 

The  thermal  layer  created  by  weapon  thermal  output  coupled  to  a non- 
ideal surface  causes  ideal  blast  wave  deformation  in  the  form  of  a 
precursed  blast  wave.  An  experimental  program  was  desgined  and  under- 
taken to  simulate  the  thermal  coupling  to  soil.  The  key  parameters 


* Nevada  Test  Site 
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used  were  the  soil  conditions  leading  to  dust  generation  and  the  sub- 
sequent air  heating.  Figure  1 shows  schematically  how  a precursor  blast 
wave  develops.  The  surface  conditions,  the  shock  wave  strength,  and  the 
thermal  radiation  prior  to  shock  arrival  all  contribute  to  precursor 
formation.  Actual  test  data  on  a precursor  development  over  various 
surface  conditions  are  shown  in  Figure  2,  which  is  a composite  of  test 
data  on  blast  waves  and  calculated  thermal  flux  and  fluence  levels. 

Note  that  the  precursor  forms  at  a ground  range  of  around  one  fireball 
radii  (180  scaled  feet)  and  attenuates  past  to  about  5 radii  [about 
900  scaled  feet  for  this  particular  shot  (Teapot-Met,  22.5  KT  at  400 
ft)].  Extensive  analysis  of  precursor  formation  conditions  over  NTS 
soils  (alluvial  playa)  has  yielded  an  HOB  vs.  ground  range  map  of  the 
precursor.  This  is  developed  in  more  detail  in  Section  2,  which  is 
a description  of  the  physical  basis  for  thermal  layer  development. 

See  Reference  1 for  more  details. 

The  results  of  the  experimental  program  summarized  in  this 
report  provide  basic  input  to  non-ideal  blast  wave  calculations.  These 
in  turn  relate  to  system  interests  in  a number  of  defense  projects, 
such  as  the  knowledge  of  the  reduced  blast  over  pressure,  and  increased 
dynamic  pressure  and  dust  loading  for  non-ideal  waves.  Figure  3 shows 
schematically  the  interrelation  of  the  various  elements  of  the  program 
in  non-ideal  blast  waves.  Table  1 provides  a series  of  examples  of 
system  interests  in  non-ideal  blast  wave  phenomenon. 

SUMMARY  OF  THE  TEST  PROGRAM 

The  test  program  was  designed  to  simulate  the  soil  response  to 
a nuclear  thermal  pulse.  The  test  setup  in  the  White  Sands  Missile 
Range  (WSMR)  solar  furnace  test  house  is  shown  in  Figure  4,  and  a 
picture  of  the  furnace  itself  in  Figure  5.  The  nature  of  the  tests 
is  inherently  two  dimensional.  Despite  this,  the  analysis  is  performed 
in  such  a way  that  these  effects  are  minimized.  The  tests  were  designed 
to  determine  the  air  temperature  and  dust  loading  experienc_j  under 
simulated  nQclear  burst  conditions  prior  to  shock  arrival.  This  so- 
called  "thermal  layer"  is  the  source  of  both  sweep-up  dust  and  non- 
ideal blast  wave  behavior.  The  key  physical  parameters  that  were  measured 
in  each  test  were: 
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Figure  2.  Blast  Wave  Precursor  Development  in  Shot  MET  (22. £ KT  at  400  ft) 


Table  i.  Examples  of  Program  Relatea  System  Interests  In  Thermal  Layer  Developments 
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Figure  4.  Experimental  Set-Up  Inside  the  WSMR  Solar  Furnace  Test  House 
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Figure  5.  WSMR  Solar  Furnace  (11. S.  Army  Photo) 


p 


• Incident  radiation  at  soil  surface 

• Scattered  radiation 

• Soil  temperature 

• Air  temperature  at  various  heights  above  heated  air 

• Blow-off  type,  threshold  in  flux  and  fluence 

• Initial  fow-off  velocity 

• Mass  of  blow-off  per  unit  area  and  per  unit  irradiation 
In  addition,  for  the  various  soil  types  the  following  were  measured: 

• Grain  size 

• Natural  moisture  content 

t Presence  or  absence  of  vegetation/organics 

• Albedo 

• Differential  thermal  analysis  scan. 

Key  correlations  were  anticipated  between  various  initial  soil 
conditions  and  blow-off  phenomenon  and  the  results  bear  out  this 
expectation.  The  development  of  the  thermal  layer  was  highly  dependent 
on  the  amount  of  radiation  and  the  soil  properties,  and  specifically, 
the  driving  mechanism  of  thermal  layer  formation  (the  blow-off  material) 
was  of  four  distinct  types: 

• Smoke  emanating  from  nearly  all  soil  types  at  a threshold 
level  of  about  5 cal/cm^  fluence  and  7 cal/cm^sec  flux. 

Smoke  rises  initially  at  0.25  to  0.5  m/sec  and  is  entrained 
in  air  that  is  rising  in  temperature  at  about  50°K/ (cal/crrr) 
near  the  surface.  The  mass  of  the  smoke  particles  is 
extremely  small  and  its  attenuation  close  to  the  soil 
surface  is  small. 

• Small  particles  emitted  by  most  but  not  all  soil  types  at 
thresholds  that  range  from  5 to  25  cal/cm^  fluence,  and  7 
cal/cm^sec  flux.  Particles  rise  at  from  0.5  to  2 m/sec. 
Abundant  particle  ejection  is  accompanied  by  high  obsur- 
ation  values.  The  mass  loss  of  particles  is  highly  varia- 
ble depending  especially  on  soil  moisture  content. 

• Fast  particles,  jets,  or  flakes  explosively  emitted  from 
soils  containing  abundant  clays.  Their  threshold  is  in 
the  range  25  to  50  cal/cm2.  Although  specialized  to 
certain  soil  types  and  flux  regions,  this  type  of  emission 
is  abundant,  and  violent,  when  it  occurs.  Jet  velocity 

up  to  10  m/sec  has  been  recorded.  The  particle  sizes  are 
quite  large  (over  100u)  on  the  average  and  are  often  in  a 
flake  form. 
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• Steam  emitted  from  all  moist  soil  samples.  It  is  more 
noticeable  above  5%  moisture  content  in  soil  by  weight. 

It  has  a profound  effect  on  air  temperature  - holding  it 
at  100°C  until  the  soil  moisture  is  driven  off.  Several 
cal/cm^  are  required  per  % moisture  to  dry  the  soil. 

Steam  is  transparent,  but  does  contribute  markedly  to 
the  mass  loss  of  the  soil. 

Based  on  these  distinctions  and  using  available  data  and  soil 
types,  a composite  summary  of  thermal  layer  data  was  compiled.  The 
twenty-five  soil  samples  are  aggregated  into  seven  key  generic  soil 
types  and  the  geological  and  physical  data  obtained  from  each  are 
shown  in  Table  2.  This  table  contains  essentially  all  the  results  of 
the  present  program,  although  in  highly  abbreviated  form.  It  is  useful 
to  review  this  information  for  general  orientation  on  thermal  layer 
development.  In  the  remaining  sections  of  this  report  the  studies 
made  of  each  soil  sample  of  the  various  physical  quantities  are  shown 
in  detail . 

Certain  general  observations  emerge  after  consideration  of 

Table  2. 

Fluence  Seal ing.  The  data  show  that  in  most  cases  fluence  by 
itself  is  an  adequate  scaling  variable  for  the  complex  processes  that 
go  into  thermal  layer  development. 

Flux  Independency.  Data  on  thermal  layer  properties  are  largely 
independent  of  flux  within  the  range  studied. 

Moisture  Dependency.  Many  parameters  of  blow-off  depend  upon 

moisture  content  of  the  soil,  particularly  in  sands  and  in  alluvial  playas. 

-4  ? 

Thermal  Erosion.  Weight  losses  of  the  order  of  5 10  g/cnr  are 
experienced  in  the  tests.  Based  on  a mean  grain  size  of  between  5 and  200p, 
this  corresponds  to  between  1 percent  (for  200p)  and  40  percent  (for  5p) 
thermal  erosion  (weight  loss  per  thickness  of  monolayer  per  cal/cm2).  In 
general  a monolayer  will  attenuate  1/e  of  the  optical  energy.  A 3-monolayer 
thickness  may  be  considered  as  the  diathermanous  soil  layer  that  drives  the 
thermal  layer  development.  Thus  for  large  grain  size  a very  small  fraction 
of  the  diathermanous  layer  is  lost,  even  for  significant  irradiation.  On 
the  other  hand,  for  fine  clays  (few  p size  particles)  thermal  erosion  can  be 
complete.  This  was  experimentally  verified  with  Sample  No.  8. 


Table  2.  Summary  of  Soil  Blow-Off  Data 


Diow-orr  ^article  bize  Correlated  with  Ejection  Velocity.  As  is  an- 
ticipated from  aerodynamic  arguments,  the  larger  size  ejected  particles  are 
associated  with  larger  velocities.  A s/h  dependency,  implying  constant  ejec- 
tion energy  and  laminar  drag  loss  seems  to  agree  with  these  data. 

Program  Milestones 

An  historical  look  at  the  program  is  provided  in  Table  3.  This  gives 
a summary  of  the  key  points  of  the  program  and  important  milestones  in  simu- 
lating thermal  layer  formation. 
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Table  3.  Overview  of  Experimental  Test  Program 
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DATE 

PURPOSE 

ACCOMPLISHMENTS 

May  23  to  25,  1974 

June  1974 

Initial  Site  Inspection 

Soils  Tests  at  McLean, 

Va.  Small  Solar  Furnace 

Furnace  Operation  Understood 

Heating  Rates  to  80  cal/cm2sec 
Achieved 

July  8 to  12,  1974 

Furnace  Cal ibration 
Diverter  Materials  Test 
Initial  Soil  Response 

Tests 

25  KWth  Peak  Power  Measured 

August  5 to  10,  1974 

High  Speed  Photography 
Tests 

Installation  of  Diverter 
Soil  Response  Tests 

Initial  Soil  Response  Data 
Obtained 

September  15  to  28, 

Instal  lation  of  High 

Final  Soil  Response  Data 

*■ 

1974 

Speed  Soil  Catch 

Shutters 

Peak  Air  and  Soil  Tem- 
perature Indications 
Obtained 

Obscuration  Tests  Made 
Final  Soil  Response 

Tests  Made 

Obtained 

April  15,  1975 

Final  Report  Issued 

DNA  3723F-1  and  2 

Total  of  127  Data  Runs  Made 
in  Phase  1 in  Approximately 

20  Days  Running  at  WSMR 

March  18  to  21,  1975 

Tests  of  NTS  Soils 

42  Runs  Conducted 

June  2 to  6,  1975 

Test  of  Aspi rated 
Thermocouples 

47  Runs  Conducted 

Air  Temperature 

Measurements  Validated 

August  11  to  22, 

Final  Data  Runs  at  up 

57  Runs  Conducted,  with  Air 

1975 

to  57  CAL/CM2  SEC 

Peak  Flux 

Temperature  Data  Obtained 

May  1976 

Interim  Report  on 

Phase  2 Tests  Issued 

Total  of  146  Data  Runs  Made 
in  20  Days  Running  at  WSMR 
in  Phase  2 

March  1976 

Initial  Go-Ahead  for 
Planning  of  CNRS 

Tests  up  to  200  CAL/CM2  SEC 

Are  Planned.  Program  to 
be  Completed  by  mid  1977. 

Sumnary:  273  soil  tests  at  up  to  57  cal/cm2sec  were  performed,  a total  of  320  hours 
of  solar  furnace  time  was  utilized  at  WSMR  and  over  30  tests  at  the  small 
SA1  solar  furnace  in  McLean,  V a.  at  up  to  80  cal/cm2sec  were  performed. 


WSMR  - White  Sands  Missile  Range  Solar  Furnace 
CNRS  - French  Solar  Furnace,  See  Vol . Ill 
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PHYSICS  OF  THERMAL  LAYER  DEVELOPMENT 

WEAPON  OUTPUT  SCALING  CONSIDERATIONS 

Significant  statements  concerning  nuclear  weapon  effects  involve 
the  scaling  of  these  effects  with  weapon  yield,  W.  Effects  such  as  air 
blast  and  thermal  radiation  tend  to  scale  by  different  laws  as  are 
summarized  below. 

Air  Blast.  Experience  has  shown  that  hydrodynamic  scaling 
1/3 

(W  ) usually  holds  except  in  the  non-ideal  blast  wave  region.  Pre- 
cursors (non-ideal  blast  waves)  are  created  under  certain  conditions 
of  yield,  surface  HOB,  and  range.  Figure  6 shows  generally  the  allowed 
and  forbidden  regions  for  precursor  formation  for  a 1 KT  weapon  (see 
reference  2 section  2.3.2).  The  problem  in  scaling  to  other  yields 

is  that  thermal  effects  do  not  scale  as  the  hydrodynamic  variables. 

2 3 

Figure  6 has  only  been  verified  in  the  restricted  range  1 to  60  KT  ’ . 

Thermal  Radiation.  Figure  7 shows  the  flux  and  fluence  for  two 

yields  and  three  HOBs.  The  scaling  of  thermal  effects  is  more  complex 

than  blast.  Thermal  energy  output  scales  as  W.  Thermal  power  scales 

as  W‘59  while  the  area  for  the  same  hydrodynamic  levels  scales  as  W‘6<5. 

Flux  per  unit  area  at  the  same  hydrodynamic  scaled  range  will  show  an 

increase  of  1.6  times  from  1 MT  to  1 KT.  Figure  7 shows  this  effect 

at  times  long  with  respect  to  thermal  maximum.  Fluence  per  unit  area 
1/3 

will  scale  as  W on  the  other  hand.  This  again  is  seen  in  Figure  7 

at  late  times.  At  early  times  the  situation  is  complex.  Shock  arrival 
1/2 

scales  as  W in  regions  of  interest,  while  t „ (time  to  second 
. 44  maX, 

maximum  scales)  as  W'  . In  general  an  extra  W-u°  correction  factor 

should  be  included  at  early  times.  In  practice  it  is  probably  easier 

to  compute  flux  and  fluence  to  shock  arrival  for  cases  of  interest.  The 

lack  of  thermal /hydrodynamic  scaling  is  further  exacerbated  by  non- 

scalable  ground  response.  Added  to  this  is  the  variability  of  ground 

surface  and  the  effect  of  cloud  cover.  The  latter  could  reflect  the 

thermal  radiation,  greatly  increasing  surface  effects. 
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Figure  6.  Precursor  and  Non-Precursor  Regions  for  1 KT  Case 


Weapon  Thermal  Flux  and  Fluence  Outout 
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The  conclusion  of  the  study  of  scaling  is  that  only  a combin- 
ation of  theoretical  and  empirical  arguments  will  allow  prediction  of 
non-ideal  air  blast  and  thermal  radiation  via  ground  response  (blow-off). 

Such  statements  argue  for  an  experimental  program  to  quantify  soil 
response  and  deduce  the  scaling  laws  appropriate  to  the  situation. 

THERMAL  LAYER  FORMATION 

The  process  by  which  the  thermal  layer  is  formed  is  neither 
simple  nor  well  understood.  Figure  8 shows  schematically  those  mechan- 
isms, in  time  sequence,  that  are  likely  to  contribute  to  the  thermal 
layer  formation.  The  intrarelation  of  the  mechanism  is  itself  not 
simple  in  concept.  Feedback  type  mechanisms  exist  which  can  cause 
large  changes  in  the  progression  of  the  thermal  layer  development. 

Figure  9 indicates  the  complexity  of  the  main  interrelations  of  pro- 
cesses. The  purpose  of  the  experimental  program  is  to  simulate  and 
measure  as  much  of  the  initial  process  as  possible.  This  leads  to  a 
model  of  the  thermal  layer  formation  for  soil  surfaces  whose  blow-off 
data  has  been  recorded.  Such  a model  has  been  developed  under  separate 
contract  and  is  reported  in  reference  3. 

RECOMMENDATIONS 

The  data,  and  summary  presented  in  this  volume  allow  a detailed 

understanding  of  soil  blow-off  phenomenon  over  a range  up  to  about  30  cal/ 

2 

cm  sec  in  flux  and  over  a reasonable  variety  of  bare  soil  types.  Two  areas  are 
in  need  of  further  work.  These  are  the  understanding  of  the  effect  of  soil 
cover,  and  a verification  of  the  consistency  of  the  behavior  of  soil  blow-off 
at  higher  fluxes.  The  first  area  requires  additional  testing  but  of  the  same 
type  as  already  accomplished.  The  attaining  of  higher  fluxes  on  the  other 
hand  requires  a new  source  - either  a higher  flux  solar  furnace  (described  in 
Vol.  Ill),  or  a novel  way  to  create  thermal  energy, a thermochemical  flash 
generator  (described  in  Vol.  II).  Progress  in  understanding  of  both  these 
sources  is  reported  in  the  remaining  volumes  of  this  report. 

I 
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Figure  8.  Schematic  Representation  of  Thermal  Layer  Development 


Figure  9.  Interrelationship  of  Physical  Phenomena  Causing  Thermal  Layer  Development 
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GENERAL 


SOIL  GEOLOGY 


In  consideration  of  the  effects  of  soil  geologic  conditions  upon 
dust  lofting  and  thermal  layer  formation,  the  soil  type  must  first  be  de- 
termined. Engineering  soil  types  are  established  on  the  basis  of  soil  for- 
mation, geography  and  physical  properties.  Among  the  latter  are  grain  sizes 
(coarse  gravels  to  fine  silts  and  clays),  texture  and  plasticity,  as  well  as 
other  physical  characteristics.  The  texture  of  a soil  affects  its  ability 
to  absorb  water,  and  to  absorb  heat  and  air.  The  affinity  of  various  soil 
types  to  retention  or  permeation  of  moisture  varies  greatly.  Another  im- 
portant and  generally  overlooked  aspect  of  soil  moisture  is  the  presence 
or  absence  of  organic  materials  ranging  from  sparse  (but  possibly  deep-rooted) 
vegetation  in  arid  areas  to  thick  grasses  and  bush  in  more  humid  areas.  Thus, 
it  is  essentially  the  surface  characteristics  of  the  upper  horizons  of  the 
soil  that  determine  the  properties  of  soil  relevant  to  thermal  layer 
formation;  therefore  attendent  moisture  and  organic  material  need  to 
be  well  documented.  NTS  soils  are  dry  playas,  former  lake  beds  that 
covered  the  area  in  Pleisotocene  Time,  during  the  melting  of  the  con- 
tinental glaciers.  As  such  they  are  far  from  typical  of  what  may  be 
termed  "normal  world  soil  types."  The  climate  is  arid  and  the  soils 
are  fine,  with  silts  and  clays  predominating.  Vegetation  is  minimal 
and  as  such  has  a minimal  interaction  with  dust  cloud  formation  and 
ejecta  size.  Wind  generated  dust  is  common.  On  the  other  hand,  moist 
soils  and  associated  vegetation,  as  found  at  Minuteman  sites  (Great  Falls), 
are  for  more  analogous  to  temperate-zone  soils,  worldwide.  A summary 
of  geophysical  characterization  of  soils  is  given  in  Table  4. 

MOISTURE  CONTENT  AND  PLASTICITY 

Moisture  content  and  soil  plasticity  are  the  major  characteristics 
in  determining  behavior  in  the  nuclear  burst  environment.  These  characteristics 
are  particularly  important  in  inorganic  soils,  and  in  areas  with  minimal  vegetation. 
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Factors  Determining  Soil  Moisture  Content 


• Porosity  - Ratio  of  volume  of  voids  to  total  soil  aggregate 
(common  definition  of  "aggregate"  refers  to  the  entire 
soil  mix,  and  not  its  components  or  most  significant  parts). 

• Void  - That  portion  of  soil  aggregate  not  occupied  by 
mineral  grains  or  organic  matter;  may  be  expressed  as  ratio 
or  percentage. 

0 Water  Content  - Ratio  of  dry  weight  of  aggregate  to 
weight  of  water. 

0 Degree  of  Saturation  - Water  content  expressed  as  ratio 
per  unit  volume.  Identical  coarse  sands  located  above  the 
water  table  are  usually  "humid"  in  temperate  climates, 

"dry"  in  arid  (e.g.,  NTS)  climates.  Finer  sands,  incor- 
porating greater  volumes  of  silt,  are  more  likely  to  become 
moist,  wet,  or  saturated  (see  Table  5 for  terminology  dis- 
tinctions). Clays,  on  the  other  hand,  are  almost  always 
saturated,  except  in  surface  soils  that  are  subject  to 
immediate  local  variations  in  temperature  and  moisture. 


Table  5.  Degree  of  Saturation  of  Sand  in  Various  States 


Condition 

Description 

Degree  of  Saturation  (%) 

Dry 

0 

Humid 

1-25 

Damp 

26-50 

Moist 

51-75 

Wet 

76-99 

Saturated 

100 

0 Unit  Weight  - The  unit  weight  of  the  soil  aggregate  is  the  weight 
of  the  soil  plus  water  per  unit  of  volume  and  depends  upon  three 
factors : 

- Weight  of  the  solid  constituents 

- Porosity  of  the  aggregate 

- Degree  of  saturation 

- Liquid  limit  - The  maximum  ratio  of  water  to  soil 
that  still  forms  a cohesive  soil  mass. 

Table  6 presents  major  soil  types  in  the  context  of  porosity,  void 
ratio  and  unit  weight.  It  is  important  to  note  that  these  represent  the 
characteristics  of  soils  in  their  natural  state.  The  process  used  in  pre- 
paring tests  at  sites  ranging  from  the  NTS  to  Ft.  Polk,  Louisiana  seriously 
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Table  6.  Porosity,  Void  Ratio,  and  Unit  Weight  of  Typical 
Soils  in  Natural  State  (from  Reference  4) 


Description 

Porosity 

(%) 

Void 

Ratio 

Water 
Content 
(sat  % of 
dry  wt) 

Dry  Unit 
Weight 
'grams/cm^) 

Saturated 
Unit  Weight 

(grams/cnv) 

Uniformed-grained 
sand,  loose* 

46 

.85 

32 

1.43 

1.89 

Uniformed-grained 
sand,  dense* 

34 

.51 

19 

1.75 

2.09 

Mixed-grained 
sand,  loose* 

40 

.67 

25 

1.59 

1.99 

Mixed-grai ned 
sand,  dense* 

30 

.43 

16 

1.86 

2.16 

Mixed-grained 
glacial  till** 

20 

.25 

9 

2.12 

2.32 

Soft  glacial 
clay** 

55 

1.2 

45 

"dust"*** **** 

1.77 

Stiff  glacial 
clay** 

37 

.6 

22 

*** 

2.07 

Soft,  slightly- 
organic  clay 

66 

1.9 

70 

★ ★★* 

1.58 

Soft,  very- 
organic  clay 

75 

3.0 

110 

**** 

1.43 

Soft  Bentonite 

84 

5.52 

194 

★ ★★★ 

1.27 

* Characteristic  of  NTS  sites  (Pacific  sites  have  coral-formed  sands 
of  considerably  differing  physical  characteristics) 

**  Characteristic  of  Suffield  and  Grand  Forks  Area 

***  Such  clays  do  not  retain  homogeneity  in  dry  state,  identifiable 
as  "clays" 

****  A weathered  clay,  primarily  of  volcanic  origin,  most  prevelent 
in  U.S.  West,  but  occurs  worldwide.  Exposures  noted  in  the 
Grand  Forks  area,  beneath  and  intermingled  with  the  glacial  till 
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disturbs  the  soils  in  the  area.  Therefore,  both  dust  clouds  and  thermal 
layers  do  not  necessarily  react  as  similar  surface  materials  would  in  a 
natural  and  undisturbed  state. 
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Liquid  Limits  and  Plasticity 

An  examination  and  postulation  of  behavior  of  various  soil  types 
as  components  of  dust  clouds  must  consider  liquid  limits  and  plasticity. 
These  two  factors  are  significant  in  establishing  cohesiveness  and  the  prob- 
ability of  the  soil  breaking  down  into  individual  grains  or  particles  under 
externally-induced  forces  inherent  in  a nuclear  burst. 

One  of  the  most  important  characteristics  of  a given  soil  type, 
in  the  context  of  its  behavior  under  varying  moisture  contents,  is  its 
plasticity.  Soil  plasticity  is  expressed  in  terms  of  "Atterberg  Limits." 

The  Atterberg  Limits  are  simply: 

• Lower  Plastic  Limit  - That  state  in  which  water  is  added  to 
or  absorbed  by  dry,  non-cohesive  soil  that  gradually  becomes 
cohesive,  starting  with  the  formation  of  lumps  and  gradually 
getting  to  a point  which  permits  rolling  like  dough  in  a single 
mass.  The  weight  of  water  thus  absorbed,  as  a factor  of  the 
weight  of  the  dry  soil,  establishes  the  lower  Atterberg  limit. 

t Upper  Plastic  Limit  (or  "liquid  limit")  - That  state  in  which 
additional  water  is  added  until  the  soil  approaches  the  state 
of  a viscous  liquid.  The  weight  of  water  thus  added  establishes 
the  upper  Atterberg  limit. 

• The  difference  between  the  liquid  limit  and  the  plastic  limit 
establishes  the  plasticity  of  the  soil,  and  determines  the 
"plasticity  index"  typically  cited  in  an  engineering  descrip- 
tion of  a soi 1 . 

Non-plastic  soils,  such  as  most  sands  and  some  silts,  will  never 
achieve  a lower  plastic  limit,  and  thus  no  cohesion  will  occur.  Non-cohesive 
soils  may  appear  to  be  cohesive  if  a heavy  vegetation  mat  is  present. 


SIZE  DISTRIBUTION 

Test  data  from  a lar^e  number  of  HE  shots  were  reviewed  in  an  SAI 

environmental  defense  study.  For  cohesive  soil  types,  the  power  law  distri- 

-3  5 

bution  given  by  H^/da=a  ' .where  a is  the  average  particle  diameter, 
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Table  8.  Soil  Samples  Used  in  Test  Program 
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adequately  describes  the  size  distribution  for  the  drag  sensitive  dust. 

The  lower  end  of  the  size  spectrum  exhibits  a steeper  slope  best  described 
by  a log-normal  distribution.  No  correlation  of  size  distribution  with  soil 
moisture  content  has  been  noted  for  dust.  The  size  distribution  previously 
derived  for  NTS  soils  (dn/da=a~4'0^  is  reserved  for  that  soil  type.  SAI  has 
measured  the  mean  grain  size  for  a number  of  soil  samples  and  this  informa- 
tion is  included  where  appropriate. 

SOIL  OPTICAL  PROPERTIES 

Backscattered  thermal  radiation,  characterized  by  a soil  reflectivity 
or  albedo  is  an  important  optical  property  of  soils  that  needs  to  be  recorded. 
Earth  satellite  data  have  recently  been  summarized,  and  are  presented  in 
Table  7.  Reference  3 contains  considerable  background  information  on  this 
area. 


SUMMARY 


The  soil  samples 

used  in  the  solar  furnace 

test  are  listed 

along  with  measured  properties.  Typical  chemical 

compositions  of 

are  given  in  Table  9. 

Table  9. 

NTS  Soil  Chemical  Composition 

Element 

Atomic  Percentages 

Dry 

Wet 

6%  moisture 

16%  moisture 

H 

18 

28 

0 

55 

52 

A1 

4 

4 

Si 

17 

15 

Ca 

0-3 

0-1 

Misc. 

3-6 

0-1 

Source  - Reference  7 


/ 
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Section  4 

TEST  DATA  ANALYSIS 

INTRODUCTION 

The  goal  of  this  phase  of  work  in  soil  tPow-off  was  a series  rf 
parametric  experiments  under  carefully  controlled  conditions  designed  to  yield 
quantitative  results.  This  is  in  contrast  with  the  first  phase  which 
focussed  on  exploratory  work  on  the  qualitative  features  of  blow-off.  It 
was  determined  in  the  initial  work  that  fluence  (or  fluence  after  blow-off) 
was  the  appropriate  scaling  variable  and  that  soii  moisture  and  grain  size  influenced 

the  air  temperature!  In  this  work  these  trends  were  studied  in  some  detail. 

The  key  question  involves  the  role  of  flux  dependency  of  blow-off.  Simulation 
techniques  cannot  match  the  peak  flux  experienced  in  the  nuclear  case,  al- 
though fluences  can  be  matched.  How  important  is  the  time  factor  of  the  radia- 
tion? Clearly  for  low  fluxes  there  will  be  no  blow-off  no  matter  what  fluence. 

Also  if  fluence  is  sufficiently  low  there  will  be  no  blow-off  no  matter  how 
high  the  flux.  One  important  time  scale  for  the  development  of  blow-off  is 
the  Fourier  modulus  related  to  the  heat  conduction,  which  is  defined  as 

Fq  = t9/d2  • 

Fq  <0.02  implies  a semi-infinite  solid  behavior  for  time  t,  depth  d,  and 
diffusivity  8.  The  optical  depth  of  most  soils  is  of  the  order  of  1 to  2 mm. 

This  is  a minimum  distance  for  d.  In  practice  it  may  be  larger  because  of 
soil  conduction  and  the  irregularity  of  surface  conditions.  Using  the  formula 
we  calculate  t^pO.l  to  0.2  sec.  In  other  words,  below  this  value  of  time 
the  soil  response  is  flux  independent.  Since  blow-off  fluence  thresholds 
average  around  5 cal/cm^  it  is  anticipated  that  at  flux  levels  of  25  to  50 
cal/cm^sec  no  further  dependency  on  flux  levels  will  be  found,  at  least  for 
soils  that  satisfy  the  requirements  of  this  simplified  heat  conduction 
argument  analysis. 

In  the  following  sections  detailed  parametric  studies  of  blow-off 
phenomena  are  reported  for  the  major  categories  of  available  data. 


FLU*.  AND  FLUENCE  THRESHOLDS  FOR  DUST  GENERATION  AND  PARTICLE  BLOW-OFF 

Raw  data  taken  during  the  two  phases  of  the  experimental  program  in- 
clude 63  high  speed  films  taken  in  August  and  September  1974,  42  high  speed 
films  taken  in  March  1975,  and  low  speed  movies  taken  both  prior  to  and 
after  the  high  speed  photography  runs.  A total  of  about  150  films  were 

available  for  study.  The  results  of  the  first  phase  are  summarized  as 

2 

follows.  Fluerce  threshold  varies  between  4 to  6 cal/cm  for  smoke  or  fine 

dust  for  all  soils  and  fluxes  tested.  Flux  dependencies  of  a factor  of  2 
2 

between  5-80  cal/cm  sec  were  noted  under  the  same  conditions.  The  flux  region 

from  10  to  40  showed  no  noticeable  variation.  Large  particle  blow-off 

2 

occurred  at  from  5 to  45  cal/cm  for  certain  soil  type  especially  those  with 
clays.  Flux  variations  were  not  striking  for  particle  blow-off  - along  the 
lines  as  that  seen  for  smoke  or  fine  dust. 

Based  on  these  qualitative  observations  a second  phase  effect 
was  expended  to  investigate  possible  flux  variations  in  the  fluence 
threshold.  Figures  10  and  11  represent  the  results  from  a careful  set  of 

experiments  for  Sample  No.  14.  As  can  be  seen,  the  fluence  threshold  is 

2 

a function  of  flux,  within  the  range  5 to  25  cal/cm  sec.  Factor  of  2 
variations  are  observed  for  both  smoke  and  particle  ejection.  The  expected 
statistical  spread  in  fluence  thresholds  is  larger  near  flux  threshold, 
but  becomes  considerably  smaller  at  higher  flux.  These  data  are  consistent 
with  that  observed  in  the  first  phase. 

The  role  of  moisture  in  the  fluence  threshold  value  is  represented 
by  data  for  Sample  14  (see  Figure  12).  Moisture  may  suppress  blow-off  of 
particles  altogether  but  otherwise  there  is  no  moisture  dependency  of  smoke 
or  particle  thresholds  for  this  sample.  Table  10  summarized  the  fluence 
threshold  data  for  each  soil  sample  tested. 

DUST  AND  BLOW-OFF  GENERATED  WEIGHT  LOSS 

Differential  weighing  of  the  soil  samples  prior  to  and  after  irradia- 
tion is  the  measure  of  soil  weight  loss.  This  weight  loss  consists  of: 

0 Blow-off  particles  that  do  not  return  to  the  soil  sample 
0 Dust  generation 
0 Moisture  loss. 


38 


Threshold  Fluence  in  cal/cm 


Fluence  Threshold  in  cal/cm 


uence  Threshold  vs. 


Table  10.  Summary  of  Blow-Off  Fluence  Thresholds 
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N.O.  indicates  none  observed  in  tests  even  well  past  expected  thresholds. 


Studies  of  weight  loss  in  the  first  phase  indicated  a strong  fluence  depen- 
dency. In  order  to  avoid  large  changes  in  values,  a scaled  or  normalized 
value  AW/AQ,  (where  AQ  and  AW  are  total  values  for  the  particular  test) 
should  be  used  in  comparison  with  other  works.  The  final  tables  present  these 
data  in  this  form.  In  the  first  phase  some  data  were  presented  in  AW/AQ  peak 
which  is  approximately  equal  to  AW/AQ  X 100  for  these  tests. ^ 

Careful  analysis  of  weight  loss  trends  for  NTS  Samples  14  and  19  will 
be  presented  first.  Based  on  the  studies  of  the  previous  section  normalized 
weight  loss  as  a function  of  soil  moisture  for  two  samples  was  investigated 
first.  The  findings  of  this  work  led  to  a selected  sample  of  these  data  for 
further  study.  In  Figures  13  through  22  data  are  presented  on  AW/AQ  versus 
a variety  of  conditions  and  variables  as  summarized  below: 


Figure 

Variable 

Sample 

Condition 

13 

% moisture 

14 

All  tests 

14 

% moisture 

19 

All  tests 

15 

irrad.  time.  At 

14 

All  tests 

16 

irrad.  time,  At 

19 

Natural  moisture  (5.2%) 
only,  all  flux  levels 

17 

Flux,  q 

14 

All  tests  except  At=2sec 

18 

Q 

19 

Natural  moisture  only 

19 

Fluence,  Q 

14 

All  tests 

20 

Fluence,  Q 

19 

Natural  moisture 

21 

0 

14 

All  tests,  AW/AQ'  plotted 

22 

At 

14 

Natural  moisture,  AW/AQ' 
(Q1  = Q-Qth) 

These  figures  show  that  Sample  14  (Frenchmans  Flats  NTS)  has  a weight  loss 
largely  independent  of  moisture  content.  This  supplements  the  data  of 
Figure  12  on  the  fluence  threshold  independence  of  moisture  effect  for  the 
same  sample.  Within  the  data  clustering  of  certain  Q and  At, values  are  seen 
that  will  be  referred  to  later.  Since  there  are  no  trends  vs.  moisture, 
all  data  on  Sample  14  will  be  lumped  independent  of  original  moisture  content. 

Sample  19  (Yucca  Flats  NTS)  shows  distinctly  different  behavior  and  has 
large  variations  in  normalized  weight  loss  vs.  moisture.  Comparing  the  behavior 
of  the  two  samples  (14  vs.  19)  emphasizes  the  necessity  of  a careful  test  program 
since  the  basic  soil  type  is  Alluvial  Playas.  Due  to  the  rapid  variation  in 
moisture,  only  one  moisture  content  (natural  5.2%),  was  used  in  subsequent  work. 

Another  finding  concerns  irradiation  times.  Data  for  both 
samples  show  a factor  of  2 peak  in  normalized  weight  loss  in  the  region 
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Sample  14  Q = 23  cal/cnrsec  At  = 3 sec.  3/75  data 
17  2,3  6/75 


Figure  13.  AW/AQvs.  Moisture  (Sample  14) 
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Time  Sample  19,  5.2% 
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igure  19.  AW/AQ  vs.  Fluence,  Sample  14,  All  Runs 
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Figure  20.  AW/AQ  vs.  Fluence,  Sample  19,  5 % Moisture  Only 
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At  = 2 to  3 sec.  When  the  At  = 2 to  3 data  are  removed  there  are  no  trends 
in  either  sample  displayed  versus  flux  or  fluence.  When  the  quantity 
AW/A(Q-Qthreshold)  = AW/A  Q'  is  formed  no  variation  versus  flux,  and  a more 
understandable  variation  versus  At  is  indicated.  Evidently  there  is  a satur- 
ation effect  in  the  ability  for  fluence  to  cause  weight  loss.  Table  11  is 
a summary  table  of  weight  loss  values. 


Table  11. 

Summary  of  Values  of  Soil  Blow-Off  Normalized 
Weight  Loss 

Sample 

# 

AW(  gm 

J 

cal/ cm2 

Notes 

7 

0.00040* 

8 

0.00060 

14 

0.00030 

2 

Increases  factor  2 for  Q'  40cal/cm 

19 

0.00050 

2 

Increases  factor  2 for  Q'  45cal/cm 

21 

0.00050 

Varies  -50%  to  +100%  if  moisture 
varies  0 to  15%  (5%  = natural  moisture) 

23 

0.00035 

24 

0.00065 

25 

0.00030 

*Average  over  fluence  and  moisture  levels  for  each  sample  unless 
noted  to  contrary. 

OBSCURATION 

Obscuration  is  the  ability  of  the  blow-off  particles  and  dust  to  shield 
the  ground  surface  from  additional  irradiation.  When  obscuration  is  observed 
it  signifies  that  a basic  mechanism  thought  responsible  for  the  thermal  layer 
development  is  in  operation,  namely  volumetric  dust  layer  heating  and  expansion. 
Although  the  geometry  of  the  tests  during  the  first  and  second  phase  did  not 
allow  full  thermal  layer  development,  some  information  concerning  the  physical 
processes  may  be  analyzed.  Moisture  is  again  singled  out  for  initial  study, 
and,  as  previously,  its  effects  are  important  but  to  some  extent  unpredictable. 
The  analysis  of  obscuration  is  summarized  in  Figures  23  through  31  as  listed 
below. 
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Figure  Ti tie 

23  % Obscuration  vs.  moisture.  Various  Samples 

24  % Obscuration  vs.  weight  loss.  Sample  14 

25  % Obscuration  vs.  irradiation  time.  Sample  14 

26  Schematic  of  variables  in  obscuration  calculation 

27  Obscuration  - calculated  vs.  measured 

28  % Obscuration  vs.  flux,  Sample  14,  At  = 3 sec  data 

29  % Obscuration  vs.  fluence, Sample  14,  natural  moisture 

30  Obscuration  vs.  AW/AQ' 

31  A(Obscuration)/AQ  vs.  AW/AQ' 


Some  facts  emerge  from  the  analysis  concerning  obscuration.  In  sands,  where 
free  water  (moisture)  is  necessary  to  produce  blow-off,  obscuration  and 
moisture  are  positively  correlated.  In  clays  where  water  may  inhibit  blow- 
off,  or  serve  as  an  alternate  heat  sink,  a negative  correlation  is  observed. 
Obscuration  is  correlated  with  weight  loss;  some  of  the  spread  in  Figure  24 
is  reduced  when  accounting  for  the  irradiation  time  effect.  Obscuration 
saturated  with  irradiation  time  is  due  to  the  finite  size  of  the  test  (only 
1/2  meter  height  above  soil  sample).  A straightforward  calculation  of  the 
consistency  of  blow-off  weight  loss  and  obscuration  is  illustrative.  Good 
agreement  is  found.  Obscuration  is  fluence  dependent  but  not  flux  dependent 
at  constant  fluence.  Finally  the  scaled  obscuration  A(Obscuration)/AQ  vs. 
scaled  weight  loss  AW/AQ'  is  tightly  correlated.  Average  values  are 
A(Obscuration)/AQ  = 0.0045  at  AW/AQ'  = 0.0035. 
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Figure  24.  Percent  Obscuration  vs.  Weight  Loss  for  Sample  14,  Natu 
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Reference  1,  page  7-53 


Figure  26.  Schematic  Diagram  of  Variables  Used  in  Obscuration 
Calculation 
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MNMMI 


Percent  Obscuration  vs.  Flux  for  Sample  14,  Natural 
Moisture,  At=3  sec  Data 


Figure  31.  Normalized  Percent  Obscuration  vs.  Normalized  Weight  Loss  for 
Sample  14,  Natural  Moisture  Conditions  At  = 3>sec  Data  Used 


AIR  TEMPERATURE 


One  of  the  most  important  single  indications  of  thermal  layer  develop- 
ment is  air  temperature.  In  phase  1 indications  of  air  temperature  ranges 
were  given  by  a series  of  tests  involving  temperature  sensitive  paints  on 
graphite  rods  above  the  soil  sample.  Air  heating  was  recorded  over  all 
samples  tested.  Surprisingly  hot  air  was  produced  even  where  little  blow-off 
was  observed.  This  was  attributed  to  conductive  air  heating  by  the  hot  soil. 
In  phase  2 aspirated  thermocouples  were  mounted  over  the  soil  surface  to 
record  air  temperatures  accurately.  Because  of  the  finite  test  sample  size 
and  three-dimensional  effects,  less  volumetric  air  heating  was  observed  than 
that  expected  for  a true  1-D  simulation.  Volumetric  heating  will,  in  the 
case  of  a one-dimensional,  geometric  configuration  drive  the  dusty  air 
layer  and  cause  higher  temperature  gradients  than  seen  in  these  tests. 

Figure  32  is  a schematic  view  of  the  test  set-up  showing  the  aspirated 
thermocouple  probe  location.  Figure  33  gives  details  of  the  air  temperature 
probe  design  which  allows  double  wall  flux  shielding.  The  thermocouple 
junction  is  at  the  flow  stagnation  point  and  is  made  of  1 mill  thermocouple 
wire.  The  probes  were  calibrated  using  a standard  heat  source.  The  probe 
output  was  recorded  by  oscillographs  located  in  an  instrument  trailer  adjacent 
to  the  solar  furnace.  About  100  tests  were  performed  using  these  probes 
(4  each  test).  An  outstanding  endurance  record  was  achieved;  out  of  a total 
of  410  probe  exposures  to  hot  dusty  air  (up  to  llOO^F)  2 failures  were  re- 
corded: one  open  circuit  at  the  hot  junction,  one  short  at  the  cold  junc- 
tion. Probes  shields  were  repolished,  and  the  probes  were  ul trasoni cally 
cleaned  between  runs.  Table  12  highlights  the  accomplishments  of  the  SAI 
thermoprobe. 

Analysis  of  the  air  temperature  data  revealed  trends  depending  upon 
moisture.  Figures  34  and  35  show  the  general  temperature  versus  fluence 
trends.  Fluence  again  proved  to  be  a good  scaling  variable  and  was  used 
extensively  with  analysis.  Justification  of  this  approach  is  given  by 
solution  of  the  one-dimensional  heat  conduction  - expansion  problem  in  air 
by  the  Crank-Ni cholson  method.  Figure  36  gives  typical  results.  In  the  data 
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Figure  32.  Schematic  of  Test  Configuration  at  WSMR 
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Table  12. 


SAI  Total  Temperature  Aspirating 
Probe,  Program  Highlights 


• A dynamic  probe  was  developed  to  sense  temperature  in  compressible 
fluid  two-component  flow.  The  temperature  range  was  0 to  1200°F,  cali- 
brated to  + 20OF  over  entire  range. 


• Heated  air  and  dust  are  drawn  through  an  orifice  to  a thermocouple 
junction. 


• Thermal  radiation  shielding  is  provided  by  two  concentric  shields 
which  are  totally  passive.  Tests  show  AT/AQ  less  than  0.3  °C/(cal/cm2sec.) 


• Time  response  to  changes  in  fluid  energy  is  of  order  of  milliseconds 
by  use  of  1-mil  diameter  chromel-constant  in  junction  at  manufacturer's 
designated  flow  rate. 


• Orifice  designed  to  achieve  stagnation  point  at  active  element.  Flow 
75  ft/sec,  1 Itr/min.  Outer  shields  grounded  to  avoid  electrostatic  flow 
separation. 


• Total  of  410  probe  exposures  were  made;  2 failures  recorded,  one  open 
circuited  at  hot  junction,  one  shorted  at  cold  junction.  Probes  polished 
and  ultrasonically  cleaned  between  runs. 
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Solutions  to  the  Crank-Nicholson  Heat  Conduction  - Expansion 
Problem  in  Air 


saturation  of  the  temperature  rise  takes  place  due  to  the  two-dimensional 
flow  and  due  to  blow-off.  On  the  temperature  traces,  blow-off  can  be  ob- 
served as  a rapid  rise  and  fall  of  the  air  temperature  due  the  passage  of 
a hot  particle.  In  some  tests  temperature  inversion  is  evident  which  indi- 
cates that  volumetric  heating  is  dominating  the  situation.  Figures  37  through 
42,  summarized  below,  show  raw  data  traces  for  a variety  of  tests: 


Flux 

Fi qure  cal/cm^sec  Samp! e 


37 

Data  Format 

38 

Typical  Trace 

39 

16 

Sample  19,  3 runs,  moisture 

varied 

40 

18 

Samples  8 and  25 

41 

16,57 

Sample  19 

42 

16 

Sample  7,  moisture  varied 

An  analysis  and  summary  of  the  air  temperature  data  organized  by 
sample  type,  and  summarized  based  on  the  format  given  in  Figures  34  and  35 
is  presented  in  Table  13.  The  relative  scaling  of  the  data  versus  Q is  evi- 
dent. The  agreement  of  these  data  with  the  conduction  expansion  model  was 
studied  as  part  of  another  contract.  Good  agreement  was  found  at  early 
times,  when  (a)  no  blow-off  was  occurring,  and  (b)  the  assumptions  of  one- 
dimensional flow  were  not  violated. 

In  summary,  the  air  temperature  measurements  indicated  that 

• Q0at  V correlates  well  with  Q threshold.  This  was  to 
be  expected  for  cases  of  marked  smoke  and  particle  ejec- 
tion, and  indicates  an  alternate  way  to  measure  Q threshold 
when  the  smoke  emission  is  very  thin  (e.g..  Sample  19) 

or  when  it  is  experimentally  difficult  to  see  the  surface. 

• The  presence  of  moisture  is  noted  above  about  2.5%  by 
weight,  by  a temperature  plateau  at  100°C.  Between  10 
to  4 cal/cm2  per  % moisture  is  required  to  exhaust  the 
water.  Afterwards  the  soil  continues  to  respond  as  if  it 
were  dry  initially.  The  value  of  heat  fluence  needed  to 
remove  water  indicates  a diathermanous  layer  thickness  of 
2 to  6 mm  for  moist  soils.  The  layer  thickness  seems  to 
correlate  well  with  particle  size. 
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ary  Analysis  of  Air  Temperature  Measurements 
s Q,  cal/cm?;  Q,  cal/cm^sec  AT/AQ  <?C/(cal/cm2) 


Table  13.  Summary  Analysis  of  Air  Temperature  Measurements 
Units  Q,  cal/cm,  Q,  cal/cm^sec: AT/AQ  oc/(cal/cm 


• Air  heating  rates  of  from  5 to  80  °K/(cal/cm2)  were 
observed  in  the  tests.  For  air  the  value  Cp-7  cal/mole 
OK  yields  a theoretical  value  of  AT/AQi  = 3000  °K 
(cal /cm3)  where  is  the  net  heating  to  a 1 cm3  cell 
of  air.  This  argument  indicates  that  the  air  heating 
observed  is  due  to  an  approximately  11  efficient  conver- 
sion of  incoming  radiant  energy,  per  cm3.  Volumetric 
air  heating  over  a 50  to  100  cm  path  would  have  similar 
efficiencies, 

SCANNING  ELECTRON  MICROSCOPE  EVALUATION  OF  POST  SHOT  MATERIAL 

Samples  23,  24  and  25  (Minuteman  Sites)  exhibited  a glassy  layer 
post  shot  due  to  the  action  of  the  thermal  radiation.  Figures  43  through 
46  show  scanning  electron  microscope  pictures  of  this  material  for 
Sample  23.  The  variation  in  magnification  allows  one  to  appreciate  the 
complexity  of  the  structure  which  appears  to  be  hollow  glassy  spheres  - 
sometimes  shattered  - contained  within  smaller  sections  of  spheres  or 
planes.  Apparently  a bubbling  action  of  evolved  gasses  in  a melted  glass 
matrix  was  taking  place  during  irradiation. 

DIFFERENTIAL  THERMAL  ANALYSIS 

A differential  thermal  analysis  was  made  of  Samples  12,  13,  and  14 
in  an  attempt  to  understand  some  aspects  of  the  reactions  which  may  take 
place  in  heated  soil.  The  technique  involves  recording  the  difference  in 
temperature  between  the  soil  sample  and  an  inert  sample  (Al^O^)  both  heated 
in  an  oven  at  10°C/minute  for  the  Aluminum  oxide.  When  the  soil  temperature 
lags  that  of  A^O.^,  endothermic  reactions  such  absorbed  water  released  as 
steam  are  taking  place.  Alternatively  when  the  soil  sample  temperature  leads 
that  of  the  inert  sample,  exothermic  reactions  are  taking  place.  Examples 
of  the  later  are  C02  evolution  from  organics  or  recrystal ization  after  release 
of  bound  water.  The  tests  indicate  temperature  points  of  relative  importance 
to  blow-off  of  steam,  dust,  and  particulate  material.  Further  testing  of 
a wider  range  of  soils  may  allow  a correlation  of  blow-off  phenomenon  with 
soil  type.  This  is  an  issue  to  be  investigated  in  future  work. 

Figures  47,  48  and  49  show  the  test  records  for  the  three  soil  types 
that  were  tested. 
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Tempertifi/fe  y °c 

Figure  47.  Differential  Thermal  Analysis  Record  for  Sample  12  (Regions  of  Marked  Thermal  Reaction  are  Noted) 


aC- 

Figure  49.  Differential  Thermal  Analysis  Record  for  Sample  14  (Regions  of  Marked  Thermal  Reaction  are  Noted) 


INITIAL  VELOCITIES 

As  documented  in  Reference  1,  the  initial  rise  velocities  of  smoke 
and  particles  were  determined  from  photographs  of  the  tests.  During  the 
second  phase  several  additional  soil  types  were  studied.  Results  indi- 
cated a similarity  among  the  samples  and  in  comparison  to  the  phase  1 
work.  The  data  summary  in  Table  2 indicates  the  values  that  were 
measured. 
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